The hyperthermophilic archaeon ES4, a heterotrophic sulfur reducer isolated from a deep-sea hydrothermal vent, is capable of protecting itself from thermal stress at temperatures above its optimum for growth. The thermotolerance of ES4 was determined by exposing log-phase cells to various lethal high temperatures. When ES4 was shifted from 95 to 102'C, it displayed recovery from an exponential rate of death, followed by transient thermotolerance. When All organisms examined thus far, from Escherichia coli to mammals, contain a stress response mechanism known as the heat shock response (6, 9). The heat shock response involves the increased synthesis of proteins which protect an organism from thermal and other stresses. In general, the primary function of heat shock proteins is to stabilize, repair, or degrade proteins damaged by thermal stress and to prepare for a return to normal temperatures (6, 9). Heat shock is a transient response to exposure to temperatures above the optimum for growth, or hyperthermal conditions. A heat-shocked organism cannot carry out hyperthermal growth indefinitely (9, 24); thus, heat shock is a means of "weathering" a period of thermal stress until a return to normal temperatures occurs.
mammals, contain a stress response mechanism known as the heat shock response (6, 9) . The heat shock response involves the increased synthesis of proteins which protect an organism from thermal and other stresses. In general, the primary function of heat shock proteins is to stabilize, repair, or degrade proteins damaged by thermal stress and to prepare for a return to normal temperatures (6, 9) . Heat shock is a transient response to exposure to temperatures above the optimum for growth, or hyperthermal conditions. A heat-shocked organism cannot carry out hyperthermal growth indefinitely (9, 24) ; thus, heat shock is a means of "weathering" a period of thermal stress until a return to normal temperatures occurs.
There are organisms capable of growth at temperatures above the mesophilic temperature range. These organisms are the thermophiles and the hyperthermophiles, which grow at temperatures of above 60 and 90°C, respectively (2) .
Although thermophiles are found among both bacteria and archaea, the hyperthermophiles are highly represented among the archaea (25) . Presently, our understanding of how archaea grow and survive at temperatures above 100°C is very incomplete. One postulated mechanism for high-temperature survival of archaea is the presence of tetraether lipids, whose cyclic structure forms a bonded cell wall bilayer (5, 19) . Other mechanisms involve reverse gyrase, which creates a positive supercoil in primarily hyperthermophilic DNA (3) , and the histone HMf, which adds thermotolerance to double-stranded DNA (18) .
Another mechanism for survival among hyperthermophilic archaea is a heat shock-like response found in Sulfolobus shibatae and Pyrodictium occultum (12, 23) . Unlike heat shock in mesophilic organisms, these archaea constitutively produce a pair of proteins which remain present over the entire temperature growth range for each organism (12, 22, 23) . Furthermore, the relative abundance of all other pro-* Corresponding author. teins decreases significantly under hyperthermal conditions. In both organisms, these two proteins associate into a complex which is capable of binding to denatured proteins.
This research sought to determine whether a heat shocklike response exists in ES4, a heterotrophic sulfur-reducing archaeon isolated from a hydrothermal vent structure (13) . Two experimental approaches were used. First, thermal death-curve experiments were run to determine whether enhanced thermotolerance occurs in ES4 when it is exposed to lethal high temperatures. Second, the protein composition of ES4 was examined at various temperatures spanning the growth range of ES4 to determine whether this composition varies with temperature.
MATERIALS AND METHODS
Strain and growth conditions. The hyperthermophilic strain ES4 is an anaerobic heterotrophic sulfur-reducing archaeon requiring all 20 amino acids as well as vitamins for growth (13) . ES4 grows at temperatures between 66 and 110°C, with its normal (Arrhenius) temperature range being between 76 and 99°C (Fig. 1) .
The medium used for growth has been described previously (13) . Cultures were grown in artificial seawater-based medium containing trace elements, 0.3% (wt/vol) yeast extract, 0.3% peptone, and elemental sulfur. The medium was pH balanced at 6.0. Argon was used as a clearing gas and as the final headspace (150 kPa at room temperature). Residual oxygen was removed from the medium by addition of 0.05% (wt/vol) cysteine hydrochloride.
Thermal death curves. To determine the ability of ES4 to withstand various hyperthermal conditions, cultures incubated at an Arrhenius temperature were rapidly exposed to lethal high temperatures. The initial and final temperatures are indicated for each experiment. In each instance, an active culture of ES4 was used to inoculate the medium contained in multiple 27-ml Balch tubes, which were incubated at sublethal temperatures. When the culture reached the mid-exponential phase, a subsample was removed from (13) .
phoresis (SDS-PAGE) and visualized by silver staining (BioRad). The protein preparation steps were carried out aerobically under refrigerated conditions. J preserved in glutaraldehyde (1 to 2% final Western immunoblot analysis. The Western blot analysis ). The tubes were then rapidly transferred to was performed as previously described (10) . Proteins from -ated so that the equilibration temperature of ES4 were separated on an 8% polyacrylamide gel and the samples was at the desired lethal high transferred to anImmobilonpqmembrane (Millipore). Esch-1'his oil bath was heated in an oven (Blue M) erichia coli proteins and prestained proteins (Bio-Rad) also ature was monitored with a digital thermomewere run on the gel as a positive control and as markers, The temperature of the bath varied less than respectively. After being blotted for 5 h, the membrane was desired temperature. At various time points blocked for 2 h in a phosphate buffer solution (PBS; 0.14 M rmal exposure, triplicate tubes were removed NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 7H20, 1.5 mM and immediately cooled in a water bath. KH2PO4) containing 5% nonfat dried milk (Lucerne) and 2% kg, a portion of each sample was preserved in goat serum (Sigma). The membrane was then incubated for -as before. Six tubes each from two time 12 h with polyclonal rabbit antibody against the E. coli heat Lsed to determine the concentration of viable shock protein ClpB (provided by S. Lindquist, University of ree-tube most-probable-number technique (1) .
Chicago) in blocking solution. The membrane was then ition of intact fluorescent cells was determined washed five times in PBS containing 0.1% Tween 20 and ence microscopy. The preserved samples were incubated for 2 h with goat anti-rabbit immunoglobulin a 0.22-gm-pore-size membrane filter stained antibody conjugated with horseradish peroxidase (Bio-Rad), black (Nucleopore), stained with 4',6-diamidiluted 1:3,000 in blocking solution. The membrane was indole (14) , and viewed with a Zeiss UEM washed four times in PBS containing 0.3% Tween 20 and once in PBS alone. The immunoprecipitate was visualized act cell may not be a viable organism, viablewith a solution containing 0.1% 4-chloro-1-naphthol (Biowere estimated and compared with the intactRad) in methanol added to PBS and 0.1% H202. cell counts. To do this, the samples were diluted in sterile medium and inoculated into fresh medium as described for the three-tube most-probable-number technique (1). All tubes were then incubated at 950C and checked for growth.
Both the intact-fluorescent-cell counts and the viable-cell counts were then plotted against time. The viability of microorganisms exposed to a lethal temperature diminishes exponentially (21 (Fig. 1) , where 750C represents the lower boundary of the Arrhenius range, 950C is nearly optimal for growth, and 102'C is just above the growth range. In all cases, the bacteria were grown in 500-ml glass serum flasks and incubated in an oven (Blue M). (Fig. 2A) (Fig. 2A) . The Time (h) theory (Fig. 2B) . However, after 1 h, ES4 broke from the decline and remained at a steady cell concentration for approximately 7 h before beginning to decline again.
Unlike cells shifted directly from 95 to 1050C, ES4 grown at 950C, exposed to 102'C for approximately 90 min, and then rapidly exposed to 105'C displayed transient thermotolerance (Fig. 3) . The 90-min period of exposure to 102'C was based on the recovery 1 to 2 h after exposure to 102'C observed previously. This thermotolerance lasted for approximately 2 h before a decline in cell concentration occurred. The initial cell concentration did not affect the duration of the thermotolerance, and no cell growth occurred when a lower initial cell concentration was used. There were no significant differences between the concentrations of viable cells and of intact fluorescent cells for any of the death curve experiments (Fig. 4) .
Protein composition variations with temperature changes. Analysis of the protein composition of ES4 at various temperatures by gel electrophoresis revealed that protein shifts did occur as a result of changing temperature (Fig. 5) change in cell composition (8) . When cultures are shifted from a temperature within the normal range to a higher temperature, an alteration in cell composition takes place. This change in composition after a shift to hyperthermia is analogous to the heat shock response (8) . The increase in abundance of the 98-kDa protein at high temperatures in ES4 is in keeping with the relationship between heat shock proteins and the Arrhenius plot. Furthermore, the enhanced thermotolerance observed in ES4 during and after mild hyperthermal exposures is further evidence of a heat shocklike response in this hyperthermophile. The kinetics of this enhanced thermotolerance is remarkably similar to the enhanced thermotolerance kinetics observed in Saccharomyces cerevisiae (16) . The protein responsible for enhanced thermotolerance in S. cerevisiae is the 102-kDa heat shock protein HsplO4, whose abundance also increases dramatically after exposure to high temperatures. The 95-kDa ClpB heat shock protein from E. coli is also more abundant at high temperatures and is responsible for enhanced thermotolerance in E. coli (20) . Therefore, the response observed in ES4 closely resembles the heat shock responses found in other organisms.
Most of the major protein bands seen in ES4 at normal growth temperatures were also present at higher temperatures. Hyperthermia significantly enhanced the abundance of the 98-kDa protein. Enhanced thermotolerance was found in S. shibatae, and the kinetics were similar to the thermotolerance kinetics seen in ES4. However, the shift in the protein composition of S. shibatae and P. occultum which occurred after hyperthermia was entirely different from the protein shift observed in ES4.
The ATPase complex TF55 from S. shibatae and a similar unnamed ATPase complex from P. occultum are heat shocklike proteins that are constitutively expressed in these organisms (12, 22, 23) . At lethal high temperatures, these protein complexes remained present, while most other proteins in these microbes decreased in abundance. Both TF55 and the P. occultum ATPase complex are made up of two 55-to 60-kDa proteins, which form a two-layered, radially symmetric structure (12, 22) . The TF55 complex has been found to bind to unfolded proteins and prevent aggregation of unfolded proteins, indicating that it is a molecular chaperone (23) . Antiserum raised against the P. occultum ATPase complex reacted with proteins of similar mass in E. coli and widely diverse archaea, including S. shibatae (12) . The difference in the responses seen in ES4 and in S. shibatae and P. occultum may be related to the habitats of these organisms. S. shibatae and P. occultum were both isolated from shallow-water environments, while ES4 is from a deep-sea hydrothermal vent. Moreover, as a member of the Thermococcales (15), ES4 is phylogenetically different from these species.
At this point, no evidence exists which links the enhanced thermotolerance of ES4 with its 98-kDa protein. However, the heat shock proteins ClpB from E. coli and Hsp1O4 from S. cerevisiae are required for enhanced thermotolerance in these organisms (16, 20) . ClpB and Hsp1O4 are highly homologous (11) and are closely related to analogous proteins in organisms ranging from the archaeon Methanosarcina acetivorans to tomatoes (4) . ClpB is part of the Clp-protease family (4) . Strong induction of hspJO4 in S. cerevisiae has been found in sporulating cells, stationaryphase cells, and cells exposed to arsenite (17 Since ES4 is an archaeon and a hyperthermophile, many of the classical techniques used to link a protein with a specific response (i.e., mutant screening by replica plating, transposon mutagenesis, and recombinant plasmids or phages) cannot be used on this organism to determine a link between the 98-kDa protein and the enhanced thermotolerance observed. Since ClpB and HsplO4 have molecular masses similar to the mass of the 98-kDa protein in ES4, and since ClpB and HsplO4 are responsible for enhanced thermotolerance in E. coli and S. cerevisiae, respectively, which is similar to the enhanced thermotolerance observed in ES4, we are investigating the possibility that the 98-kDa protein may be related to ClpB and HsplO4. A Western blot analysis with an antibody against ClpB did not show any immunological similarity between ClpB and any proteins in ES4. Ongoing research involves amino acid sequence analysis of the 98-kDa protein, which should allow more definitive comparison of the 98-kDa protein with ClpB and HsplO4.
The 90-kDa and 150-kDa proteins produced at the lower bound but not at the upper bound of ES4's Arrhenius range may be responsible for adaptation to cooler growth temperatures or temperatures far below ES4's growth range. Aldehyde ferredoxin oxidoreductase, a tungsten-containing iron-sulfur protein from the hyperthermophilic archaeon Pyrococcusfuriosus, was found to lose activity in vitro when held at either 4 or 23°C under either aerobic or anaerobic conditions (7) . The proteins in ES4 may protect hypothermally intolerant enzymes from inactivation by cold.
In summary, the enhanced thermotolerance during hyperthermia and the increased abundance of the 98-kDa protein show that a heat shock-like response exists in the hyperthermophilic archaeon ES4. The enhanced thermotolerance seen in ES4 is transient and does not permit growth under the hyperthermal conditions imposed in our experiments. Also, the lack of tolerance to hyperthermal conditions when ES4 was grown at the lower boundary of the normal temperature range implies that the factor(s) responsible for thermotolerance decreases in abundance at lower growth temperatures.
The function of the 90-kDa, 150-kDa, and 98-kDa proteins, their role in responding to temperature, and their similarities to proteins in other organisms are the foci of future research.
